We present a method for the determination of the local concentrations of interstitial and substitutional Mn atoms and As antisite defects in GaMnAs. The method relies on the sensitivity of the structure factors of weak reflections to the concentrations and locations of these minority constituents. High spatial resolution is obtained by combining structure factor measurement and X-ray analysis in a transmission electron microscope. We demonstrate the prevalence of interstitials with As nearest neighbors in as-grown layers.
The combination of electronic and magnetic properties in a single device opens large prospects to information technology. To this end, a particularly interesting material is GaMnAs, a GaAs crystal containing several percents of Mn atoms (for a recent review, see
Ref. [1] ). GaMnAs is a ferromagnetic semiconductor compatible with the well-mastered GaAs system, where Curie temperatures C T above 160 K have already been measured [2] .
Boosted by predictions of possible room temperature ferromagnetism [3] , a large effort involving the controlled fabrication of the material as well as the characterization and understanding of its physical properties has developed.
Basically, GaMnAs is a zinc-blende GaAs crystal where a small fraction of Mn atoms has been introduced. However, experimental and theoretical investigations have shown that this material cannot be described simply as a GaAs crystal where all Mn atoms substitute to Ga atoms to form a proper GaMnAs alloy, since additional Mn atoms can occupy interstitial sites [4, 5] . Moreover, whereas GaAs grown at high temperature is highly stoechiometric, GaMnAs is grown at low temperature, a regime in which a large concentration of As atoms occupying Ga sites (antisite defects) is expected to occur. However, few structural studies so far have gone beyond the mere determination of the total Mn concentration. A notable exception is the work of Yu et al., who used particle induced X-ray emission and Rutherford backscattering to determine the macroscopic concentration of Mn interstitials in GaMnAs layers [4] . These authors correlated the increase of C T upon low temperature annealing to a decrease of the concentration of these mobile atoms. Indeed, Mn interstitials and antisite defects are both believed to decrease C T by acting as donors compensating the holes provided by the substitutional Mn atoms, which induce ferromagnetism [1, 4, 5] . Since the electronic, magnetic and structural [5, 6] properties of GaMnAs appear highly sensitive to these species, it is desirable to quantify them and, if possible, locally. In this letter, we develop a simple method for measuring jointly and with high spatial resolution the concentrations of all relevant species, namely substitutional and interstitial Mn and antisite defects. The body of the letter describes our method, which we illustrate by analyzing a particular area via Table 1 and the figures.
To describe the GaMnAs crystal, we take the GaAs matrix as a reference. We choose a face centered cubic (fcc) unit cell with an As atom at ( )
and a Ga atom at ( )
, where a is the lattice parameter of the alloy (the epitaxial strain will be discussed later). Whereas in GaAs, the As and Ga atoms wholly occupy these two 'matrix' fcc sublattices, in GaMnAs the Mn atoms may occupy either Ga sites or interstitial sites. Moreover, there are two types of interstitial sites located on two ' interstitial' fcc lattices translated from the As sublattice by R 2 and R 3 ( Fig. 1) , which are the networks of tetrahedral interstitials sites of the Ga and As fcc sublattices, respectively. A Mn atom has four Ga nearest neighbors (NNs) in the former (type 1) and four As NNs in the latter (type 2).
We lack detailed estimations of the abundances of these various defects. Experimentally, Yu et al. measured the total concentration of interstitials without however distinguishing the two types of sites [4] . Scanning tunneling microscopy might seem able to provide appropriate sensitivity and resolution. However, data interpretation is not straightforward: some studies identify only antisite defects [7, 8] whereas others also detect interstitials [9, 10] , and no concentration measurement has been reported. Conversely, most theoretical studies (e.g. Refs.
[5] and [11] ) assume that only type 2 interstitials exist, although Edmonds et al. have recently considered the two types [12] .
To solve this problem, we first fabricated 300 nm thick ferromagnetic GaMnAs layers by molecular beam epitaxy on GaAs (001) substrates. Each GaMnAs layer was grown at 270°C
after depositing a GaAs buffer layer at 600°C. Unannealed samples were then studied by transmission electron microscopy (TEM) using 200 keV electrons. V the unit cell volume and g F the structure factor (SF) of reflection g [13] . Hence, if t is uniform, the image maps the SF variations, with a small correction due to possible variations of c V . In practice, we measure the ratio g ρ of the DF intensities recorded locally in GaMnAs and in neighboring GaAs ( For quantitative analysis, we consider six atomic species: Ga and As at their proper sites,
As antisites, substitutional Mn and the two types of interstitial Mn. Our TEM studies rule out the presence of MnAs precipitates (surmised by Yu et al. [4] in annealed samples) and we ignore possible As vacancies, which have been detected only in non-ferromagnetic samples [15] . Hence, assuming random occupation of the relevant sites, neglecting possible static atomic displacements [16] and leaving aside the Debye-Waller factors (which will almost cancel each other when we compute ratios of DF intensities), the SF for reflection g is: 
All other concentrations are easily calculated from these two variables: (Table 1) . With no further hypothesis, each concentration Mn c corresponds to a unique given set of concentrations of the minority species (Fig. 4) . In any case, as expected from the discussion of the contrast using Eq. (3), the interstitials are mainly of type 2. , upper border of the domain shown in Fig. 3 ). This hypothesis, already adopted by Mašek et al. [5] , is substantiated by Edmonds et al., who calculated that a Mn atom has a lower energy in type 2 sites than in type 1 sites, unless it pairs with a substitutional Mn atom [12] . Then, 
The determination of all relevant concentrations follows (Table 1 and dot in Fig. 3 SF measurement might also be performed accurately by XRD. This technique would be similarly sensitive to the concentrations and types of interstitials, since the reflections which have low SF for electrons also have low SF for X-rays [16] and the phases of the atomic contributions to the SF are the same. However, the present TEM method is unique, not only in offering more information (namely multiple concentration measurement at a given point), but also because it can achieve high spatial resolution. Indeed, DF imaging has an aperturelimited resolution of about 0.5 nm, whereas the resolution of the EDX analysis, limited by probe size and beam spreading, may be nanometric in very thin areas. However, better statistics are obtained by analyzing larger and thicker areas, which is possible here since the TEM contrast of our epitaxial layers is usually very uniform, although thin sublayers with markedly different contrast, indicating a different concentration of interstitials, appear locally.
In summary, we have demonstrated that, by combining imaging and analytical TEM techniques, it is possible to measure with high spatial resolution the local concentrations of substitutional and interstitial Mn atoms and of As antisite defects in GaMnAs. These determinations rely on a detailed analysis of the variations of the 002 structure factor with the concentrations of these minority species. The structure factor is highly sensitive to the interstitials but only weakly to substitutional Mn and antisite defects. Moreover, the two types of interstitials make it vary in opposite directions. In the unannealed sample examined, the interstitials with As nearest neighbors dominate. Analyses of as-grown and annealed layers will be reported elsewhere.
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